Sensor signal instability and drift are still unresolved challenges in conductometric gas sensors. Here, the use of self-heating effect to operate a gas sensor in a pulsed temperature modulation mode (pulsed self-heating operation) is presented as an effective method to enhance signal stability and reduce consumption figures down to a few W. The sensor operation temperature was pulsed periodically between two levels, obtaining two different sensing states from one single device driven with self-heating, i.e. free of heater. The signal differences between both operating points correlated well with gas concentrations and displayed no drift. This methodology is exemplified with a thorough study of the response of carbon nanofibers to humidity. Specifically, after analyzing the influence of the pulse characteristics (i.e. temperature variation, pulse period and pulse duty cycle) on the sensor performance, thumb rules to select suitable pulsing conditions are provided. The methodology is successfully extended to other target gases, such as NO2 and NH3. Finally, its implementation in a real-time sensing system with low computational requirements is demonstrated and discussed in detail.
Introduction
Sensor instability is an usual, still unsolved, issue in conductometric gas sensing devices [1] . Usually, the transduction mechanisms of conductometric sensors rely on complex chemical interactions that can modify the sensing material properties. Such chemical modifications [5] (that include formation of surface complexes [2] , molecule migration [3] , surface poisoning with strong analyte adsorption [4] [5] [6] , and gas diffusion inside the material [7] ) can cause non-reversible changes of the sensor resistance. Additionally, the device structure itself can evolve during operation, suffering structural [8, 9] and phase [10] transformations of the sensing layer, or degradation of the contacts [11] and heating elements [12] , leading to permanent sensor modifications. All these effects can deteriorate the sensing capacity causing signal drift, baseline offsets, decay of sensing response or conductivity loses. Typically, in order to compensate these issues and prevent false readings, tedious periodic sensor calibration is required.
Improvements in baseline stability and reversibility can also be obtained by modifying the operation conditions. Traditionally, this means (1) modulating the sensor temperature [13] [14] [15] or (2) applying other energy sources as ultraviolet light [16] or visible light [17] . However, these techniques increase the power budget (typically 100 mW to 1 W in commercial devices [18] ) and the device complexity and cost. Today, the most efficient designs can reduce power consumption down to tens of mW (with state-of-the-art micro heaters [19] or LEDs [20] ).
A cost-effective alternative [21] is the use of the Joule effect or the so-called self-heating effect [6, 20, 22] . In this mode of operation, the power dissipated by the probing current/voltage applied to measure the resistance heats up the sensor material. The self-heating effect was first observed in one single SnO2 nanowire [23, 24] , obtaining devices operated with less than 10 W. During the last years, self-heating was used in devices formed by one single nanostructure [25, 26] or a few ordered nanostructures [23] . The complexity of these configurations hampered the widespread use of this approach. Recent reports demonstrate that the self-heating effect also occurs in large arrays of randomly deposited nanofibers [21] , achieving power savings similar to those observed in highly ordered nanostructures (~ W) [23, 24] with the advantage of a less complex fabrication.
Temperature modulation was used in the past to enhance the selectivity towards the desired target gases [22, 27] or to (partially) regenerate the sensor surface to the initial state by means of temperature cycling operation [28] . In addition, the application of temperature cycles is compatible with multidimensional data processing techniques (e.g. principal component analysis, PCA or/and linear discriminant analysis, LDA [29, 30] ) as the different spectra of temperatures applied to the sensor could be considered as a multidimensional stream of data for a particular odor.
In this article, self-heating and pulsed temperature modulation are combined to obtain two signals corresponding to two operation states (i.e. low and high temperature). The results demonstrate, that the combination of this two operation points is enough to detect and correct signal instabilities and drift.
Here, the advantages of pulsed self-heating operation are exemplified using carbon nanofibers [31, 32] (from now on CNFs) as the active sensing material. CNFs are a carbon allotrope with sensing characteristics similar to carbon nanotubes and graphene [32] [33] [34] [35] [36] (e.g. low temperature gas sensing, below 100 °C).
In the following article, the role of the pulsing characteristics on the sensor performance is analyzed in detail for humidity sensing. The method is then extended to other gases and implemented in a real-time sensing system. All this demonstrates that pulsed self-heating operation is a convenient strategy to improve signal quality while keeping low the power and cost budget in simple, heater-free, devices.
Materials and methods
Sensor platforms formed by interdigitated platinum electrodes (IDE) over a ceramic substrate fabricated by Francisco Albero S.A. were used [37] . The sensor platform included an embedded thermoresistance and a heater. This elements were only emplyed for temperature calibration of self-heating operation (detailed information can be found elsewhere [21] ) and for comparison between sensor operation at constant temperature and pulsed self-heating methodology. Commercially available CNFs, synthesized by means of CVD floating catalyst technique by Grupo Antolín S.A., were used. The fibers presented diameters ranging from 30 to 80 nm and lengths up to 75 m. Additional details of this material can be found elsewhere [38] . CNFs were dispersed in 2-propanol at a concentration of 1 mg/ml. Then, the dispersion was drop-casted over the IDE. Electrical resistance was monitored during the deposition process with a digital multimeter Agilent 34401A to assess the continuity of the film.
The electrical measurements of sensor resistance were recorded using a Keithley 2401 source meter. The same unit served as a measurement system and as a power source to activate the selfheating effects. Gas sensing experiments were conducted in a customized chamber of 15 ml in volume. The gas flow was maintained at 200 ml/min during all the experiments. In these conditions, the gas chamber can be fully flushed five times in less than 20 seconds. Reference gaseous atmospheres were provided by several independent mass flow controllers blending dry N2, synthetic air (SA, 79 % of N2 and 21 % of O2), NH3 (100 ppm in SA) and NO2 (10 ppm in SA). Constant relative humidity (from now on RH) levels were obtained by bubbling dry SA into deionized water (relative humidity obtained at a constant temperature of 25 °C at a pressure of 1 atm).
Signal response definition
In the presented work, the sensors were operated using two methodologies: at constant operation temperature (for comparison purposes) and pulsed self-heating mode (see Fig. 1 ). The first method implies using a single operation temperature during all the experiment (see Fig. 1(a) ). In this case, the sensor response (from now on, classic sensor response or Sclassic) was defined as Sclassic (%) = 100 · (R -Ro) / Ro, where R is the steady resistance signal in each exposure to gas and Ro is the baseline value of sensor resistance. For the second method, the pulsed self-heating mode, the sensor temperature was pulsed between two states by applying two DC voltage levels with a constant period (from now on Tp) (see Fig. 1(b) ). Different measurements were also performed varying the pulse duty cycle (from now on, D). D was defined with respect to the high temperature state (D = 10 % corresponds to 10 % of the period at high temperature and 90 % at low temperature). Using the pulsed methodology, the sensing response was no longer defined directly in terms of the sensor resistances but in relation to the difference of resistance between both sensing states (from now on R), extracted as the difference of the upper envelope of the resistance signal (corresponding to the lower temperature state) and the lower envelope of the resistance signal (corresponding to the higher temperature state): Fig. 1(b) ). Therefore, the sensor response was defined as SR (%) = 100 · (R -Ro) / Ro, where R is the steady difference of resistance in presence of gas between the high and low temperature states and Ro is the baseline difference of resistance between the high and low temperature states. 
Results & discussion

Intrinsic sensor signal instability
Conductometric sensor signals usually present signal instabilities due to several phenomena occurring at the sensor active material or in the device structure. Fig. 2 (a) shows the typical resistance record of CNFs at a constant temperature. At room temperature, CNFs display significant drift and poor reversibility. In fact, the signal is extremely sensitive to the previous sensor history: exposure to high humidity contents leads to signal instabilities that are not fully recovered after removing the moisture. This situation improves slightly at a higher temperature (60 ºC), but Sclassic is reduced. Fig. 2 (b) shows a summary of this trade off: temperature is an effective method to reduce drift but reducing systematically the response and increasing the power consumption. Anyhow, the drift improvement is not complete until the sensor response is almost vanished (T > 120 °C). Therefore, constant temperature excitation does not solve in full the signal instability issues. 
Instability correction
Usually, the classical signal response to gases is modulated by the operation temperature of the sensor. The adsorption of gas molecules on the sensor active material surface is dependent on the temperature (e.g. Langmuir adsorption model [39] , Freundlich and Temkin isotherms [40] , etc.). Following the methods described previously, sensor temperature was pulsed periodically between two levels by means of the self-heating effect (see Fig. 1 and Fig. 3(a) ) in order to obtain information from the high and low temperature operation states. Since CNFs display semiconductor behavior, temperature changes lead to two sensor resistance values: lower resistance at high temperature and higher resistance at low temperature. Therefore, an upper and a lower envelope of the pulsed resistance signal could be extracted (e.g. maximum and minimum resistance values reached in each pulse step). The envelopes corresponding to both states were subtracted to obtain R, a signal presenting an amplitude modulation proportional to gas concentration (see Fig. 3(b) ). This dependence is related to the differences in surface adsorption due to temperature.
Moreover, as R is a combination of two sensing states originated in the same sensor, both baseline signals are completely correlated: simple subtraction seems to be enough to remove instability effects as undesired changes of the active film properties (i.e. poisoning, chemical states modification, degradation, etc.), which are simultaneous to both operation conditions. At the same time, R shares the good characteristics of both envelopes: good response at low temperature and fast response at high temperature.
In essence, with a pulsed self-heating operation, two signals can be extracted from the same sensor device helping to improve the sensing characteristics dramatically (see Fig. 3 (a) vs. Fig. 3(b) ), without increasing the amount of system components. In contrast with sensor arrays, all signals are generated in the same device. Therefore, all of them are submitted to the same instabilities, in full correlation. 
Thermal influence vs. gas effects
In self-heated systems, the temperature variation can be much faster than in their heater-driven counterparts [41] . For comparison, Fig. 4(a) shows the resistance variation in equivalent pulsed heating conditions (between 25 °C and 70 °C), driven with self-heating and with the substrate heater. A pulse with Tp = 120 s was used to ensure full thermal stabilization. In all the tested devices, the self-heating response was almost four times faster. This is due to the much higher thermal inertia in the heater-driven system, in which the dissipated power heats not only the CNFs array, but also, the heater/substrate mass. Consequently, in heater-driven systems more power dissipation is needed for equivalent temperatures, and longer thermal stabilization times are expected.
A detailed analysis of the resistance records in self-heating operation, showed two dynamic regimes during the heating/cooling process (Fig. 4(a) ): a fast initial variation (in the scale of milliseconds) followed by a slower stabilization of the signal (in the scale of seconds). The phenomena occur symmetrically both in heating and cooling cycles.
In atmospheres that are typically non-reactive for the CNFs, such as low vacuum (3·10 -5 hPa), N2, and SA atmospheres (see Fig. 4(b) ), both regimes are insensitive to the presence of one or another gas.
In contrast, in presence of humidity (25 %, 50 % and 100 %, Fig. 5(a) ), significant differences are observed in the resistance change during the slow regime (slow processes labeled as I and III in Fig. 5) . The fast processes, in turn, were insensitive to humidity variations with a nearly constant resistance change (fast processes II and IV). Therefore, the fast processes (cooling II and heating IV) are exclusively related to the temperature, and the slow processes (cooling I and heating III) correlate with the presence of gases (Fig. 5(b) ).
This explains why the magnitude R (which is the accumulated resistance change occurred after I, II, III and IV) reflects the signal variation only dependent on the gas concentration. Fig. 4 (a) Relative difference of the CNFs sensor signal pulsed in equivalent conditions using the external heater and self-heating operation, the time needed to reach the 90 % of the total relative change is shown (90%). (b) Transient resistance signal of a pulsed CNFs sensor between 0.1 V (25 °C) and 3 V (60 °C) in N2 and SA atmospheres, no change in the sensor signal is appreciable. Upper-left inset: pulse characteristics for the probing voltage, equivalent temperature is also displayed. Upper-right inset: comparison of the pulsed resistance signal (25 °C -60 °C) in vacuum (3·10 -2 hPa), N2 and SA atmosphere. (b) R corresponding to the different processes occurring during pulse: slow cooling (I) and heating (III), fast cooling (II) and heating (IV).
Effect of the pulsing conditions
In order to elucidate the dependence of R magnitude on the self-heating pulse conditions, the pulsed temperatures, period (TP) and duty cycle (DC) were studied in detail for humidity sensing. Fig. 6(a) shows the response to different humidity contents of a sensor pulsed between a reference temperature (25 ºC set with 0.1 V) and different high temperature states (200 °C, 100 °C, 50 °C and 35 °C, set with 8 V, 5 V, 3 V and 1 V, respectively). After extracting the envelopes and their difference, the R signal (Fig. 6(b) ) was fully stable throughout the experiment and scaled up with the relative humidity content. In general, larger Ro values were obtained increasing the temperature difference in the pulses but also similar SR. Thus, for this particular target gas, larger temperature spans do not lead to any particular benefit. In low temperature span measurements, a large response only to pulses of saturated humidity was detected. This behavior is attributed to a partial wetting of the sensor surface. 
Pulsed temperatures
Pulse period (Tp)
Pulsed temperature operation keeps the sensor surface swinging between two gas/surface interaction states. Such periodic transition involves the adsorption and subsequent desorption of gaseous molecules from the surface. Only for long Tp, the adsorption and desorption processes are completed reaching steady resistance values. In fast pulsing periods (with low Tp) adsorption and desorption are suddenly interrupted by a temperature change. Therefore, the resistance readings always correspond to surface transient states in which the sensor surface sites are not completely fill or empty ( Fig. 7 (a) ).
In this context, the concepts of response and recovery times are artificial and essentially related to the Tp value of choice. According to our definition of R (i.e. the difference between the envelopes, or the maximum and minimum resistance values during the hot and cold semiperiods (Tp/2)), the R signal is sampled once in every pulsing period and this defines the effective "response and recovery" times of the sensor system. Therefore, we could consider that the R signal changes "immediately" after the temperature change, provided that there has been a change in the gas concentration.
Therefore, the period of the pulsed signal should be enough to ensure, at least, a partial gas adsorption-desorption process. In addition, it is possible to lower the pulsed period to improve the response and recovery times almost at will.
A summary of the dependence of R with the pulsing period is shown in Fig. 7(b) . All curves follow a behavior similar to that of a low-pass frequency filter modulated by the gas concentration: as water molecules have more time to interact with CNFs surface during each TP/2, R increases with both the amount of humidity and with Tp. In this sense, very short periods lead to very low R variations. Interestingly, the pulsed response SR is constant for pulse periods longer than the typical response time to humidity in constant temperature operation (e.g. 60 s for 100 % of RH at 25 °C in constant operation [21] ).
Summarizing, the pulsing period Tp determines the response and recovery times of the pulsed signal. At the same time, the pulsing period serves to adjust the R variation with humidity, obtaining larger responses for longer periods, until reaching the steady response limit. All this leads to a compromise between response dynamics and response magnitude that could be used to provide some specificity over different target gases. 
Pulse duty cycle (D)
Different pulse duty cycles D (10 %, 30 %, 50 %, 70 % and 90 %) were tested in similar conditions (see Fig. 8 ). Essentially, the lower the D the lesser the time the sensor remains at the higher temperature state with the benefit of reducing the power consumption. From the gas/surface interaction perspective, D tailors the adsorption/desorption balance.
For a given period configuration and provided that the D is large enough to ensure a quantifiable gas adsorption-desorption process between both temperature states, the shape of R does not vary significantly with D (see Fig. 8(b) ).
Therefore, D modulation offers chances to further reduce the power consumption. The average power (Pavg) consumed in pulsed operation can be calculated as
where D is the duty cycle of the pulsed signal, Phigh and Plow is the average power consumed at the high and low temperature sensing condition, respectively. Since Plow << Phigh, the dependence in Pavg approximates to Pavg ≈ D · Phigh, in accordance with the results shown in Fig. 9 .
Consequently, Pavg can be reduced up to two orders of magnitude varying the DC from 90 % to 10 % (the lowest Pavg value obtained was (9.58 ± 0.02) W, Fig. 9 ), without losing any sensing capability. 
Long term stability
The baseline stability and the sensing response repeatability were analyzed. A CNFs sensor was maintained at stable atmosphere of pure SA for 78 hours and at 50 % of RH for 72 hours ( Fig.  10(a) ). The resistance sensor signal drifted along the measurement due to variations of the ambient temperature. In contrast, the signal R was found to reduce the deviation of the sensor signal by a 10 factor for both the SA and with 50 % of RH. A humidity test with RH concentrations of 15 %, 50 %, 75 % and again 50 % was repeated during 66 hours. The R magnitude showed an initial stabilization period of about 15 hours. After that, the responses were sufficiently stable to discriminate each concentration. In summary, the pulsed self-heating methodology presents a highly repeatable behavior without losing sensing capabilities. of humidity (25 %, 50 %, 75 % and 50 % of RH), the gas test sequence was repeated uninterruptedly during 67 hours. On the right: Gaussian distributions fitted to the histograms of R measurements at each concentration.
NO2 and NH3 pulsed sensing
Carbon materials, such as CNFs, are also sensitive to other gases such as NO2 and NH3 [32] . In order to prove that the pulsed self-heated methodology is suitable to sense gases other than water vapor, experiments with NO2 and NH3 were conducted at different pulsing temperatures (reference temperature at 25 ºC and high temperature states at 30 °C, 35 °C, 45 °C, 70 °C and 80 °C). Fig. 11 shows that the benefits in signal stability are also obtained in presence of NO2 and NH3. Moreover, the differences in R response to NO2 and NH3 are much larger at higher temperature variation during the pulse. Therefore, the use of different pulsing conditions partially modifies the selectivity towards different gases, opening the door to further investigations on the role of pulsed self-heating in gas selective-sensing. 
Implementation in real environments
The results presented so far relay on the processing of the pulsed resistance values to extract the R signal. In this section we show that the R calculation is a very simple procedure that could be implemented in an embedded microcontroller, with low computing power.
A system to extract the R magnitude should carry out the following tasks:
1. set the probing voltage to the high temperature operation point, 2. wait for a settling time, defined by Td ·D, to reach the high temperature state 3. acquire one measurement corresponding to one data point of the lower envelope signal (Rh) 4. set the probing voltage to the low temperature operation point, 5. wait for the setting time, defined by Td · (1 -D) , to reach the low temperature state 6. acquire one measurement corresponding to one data point of the upper envelope signal (Rl)
7. Calculate one signal sample as R = Rl -Rh with the last pair of data values acquired.
8. Repeat from 1.
With this algorithm, no filtering is needed to extract the envelopes and no large data buffers are required: only the difference between two consecutive data points is calculated.
In order to exemplify the feasibility of implementing such approach in a real-time system, a LabVIEW ® software was designed to pulse the sensor temperature with a source-meter, to acquire the sensor resistance values and to compute the R signal. The software also allowed us to change the pulsed conditions (high and low pulsing voltage levels, pulse period and pulse duty cycle) in real time during the measurements. Fig. 12 (a) -(c) shows the effect of the pulse conditions of the real time signal extracted from the sensor, which are essentially the same issues discussed in the previous sections. To prove the capability of the system to detect ambient gas variations in real time, the sensor was kept in an ambient atmosphere and exposed to human breath Fig. 12 (d) , displaying fast responses (less than 1 s) full signal recovery, no drift with power consumption of less than 1 mW.
In summary, the computing power needed to perform the described tasks should be compatible with sensor systems operating at low energy, which could be assured because of the low power, heater-free, operation of the sensor device. 
Conclusions
Pulsed self-heating is a reliable method to extract a highly stable signal only dependent on the gas presence. The methodology successfully removes drifts due to the sensor instabilities, such as chemical surface modification or structural degradation.
With this approach, it is also possible to reduce the power consumption needs down to a few W, in an extremely simple, and cost effective, heater-free configuration.
The pulsed temperatures , the period of the pulse and the duty cycle of the probing signal can be used to modulate the resulting gas sensing response, optimizing response time, response magnitude and power consumption respectively. Whether sensing conditions such as the pulse period could also provide specificity is still an open question.
The presented methodology was used to sense humidity, NO2 and NH3 with carbon based sensors (CNFs sensors), suggesting that the same approach could be extended to other gases and materials, such as metal oxides.
